Thirty years after oxygen isotope records from microfossils deposited in ocean sediments confirmed the hypothesis that variations in the Earth's orbital geometry control the ice ages . Here we present a marine glacial record from the upper 600 m of the AND-1B sediment core recovered from beneath the northwest part of the Ross ice shelf by the ANDRILL programme and demonstrate well-dated, 40-kyr cyclic variations in ice-sheet extent linked to cycles in insolation influenced by changes in the Earth's axial tilt (obliquity) during the Pliocene. Our data provide direct evidence for orbitally induced oscillations in the WAIS, which periodically collapsed, resulting in a switch from grounded ice, or ice shelves, to open waters in the Ross embayment when planetary temperatures were up to 3 6C warmer than today 4 and atmospheric CO 2 concentration was as high as 400 p.p.m.v. (refs 5, 6). The evidence is consistent with a new ice-sheet/ice-shelf model 7 that simulates fluctuations in Antarctic ice volume of up to 17 m in equivalent sea level associated with the loss of the WAIS and up to 13 m in equivalent sea level from the East Antarctic ice sheet, in response to ocean-induced melting paced by obliquity. During interglacial times, diatomaceous sediments indicate high surface-water productivity, minimal summer sea ice and air temperatures above freezing, suggesting an additional influence of surface melt 8 under conditions of elevated CO 2 .
Thirty years after oxygen isotope records from microfossils deposited in ocean sediments confirmed the hypothesis that variations in the Earth's orbital geometry control the ice ages 1 , fundamental questions remain over the response of the Antarctic ice sheets to orbital cycles 2 . Furthermore, an understanding of the behaviour of the marinebased West Antarctic ice sheet (WAIS) during the 'warmerthan-present' early-Pliocene epoch ( 5-3 Myr ago) is needed to better constrain the possible range of ice-sheet behaviour in the context of future global warming 3 . Here we present a marine glacial record from the upper 600 m of the AND-1B sediment core recovered from beneath the northwest part of the Ross ice shelf by the ANDRILL programme and demonstrate well-dated, 40-kyr cyclic variations in ice-sheet extent linked to cycles in insolation influenced by changes in the Earth's axial tilt (obliquity) during the Pliocene. Our data provide direct evidence for orbitally induced oscillations in the WAIS, which periodically collapsed, resulting in a switch from grounded ice, or ice shelves, to open waters in the Ross embayment when planetary temperatures were up to 3 6C warmer than today 4 and atmospheric CO 2 concentration was as high as 400 p.p.m.v. (refs 5, 6 ). The evidence is consistent with a new ice-sheet/ice-shelf model 7 that simulates fluctuations in Antarctic ice volume of up to 17 m in equivalent sea level associated with the loss of the WAIS and up to 13 m in equivalent sea level from the East Antarctic ice sheet, in response to ocean-induced melting paced by obliquity. During interglacial times, diatomaceous sediments indicate high surface-water productivity, minimal summer sea ice and air temperatures above freezing, suggesting an additional influence of surface melt 8 under conditions of elevated CO 2 .
The Earth's climate system during the Pliocene and earlyPleistocene epochs was regulated by a ,40-kyr periodicity. The geological evidence for this is widespread and expressed in polar to equatorial depositional environments including (1) ice volume from oxygen isotope (d 18 O) records, that co-vary with the pattern of icerafted debris in deep-sea sediments 9 ; (2) ocean circulation 10 and temperature also inferred from deep-sea sediment proxies 11, 12 ; (3) atmospheric circulation from continental dust deposits 13 ; and (4) global sea-level fluctuations recorded in the shallow-marine continental margins 14 . The 40-kyr cycle is almost certainly linked to variations in the Earth's orbital obliquity. However, the specific nature of this forcing and its influence on Antarctic glaciation remain unresolved owing to a lack of well-dated climate records that directly sample past oscillations of the ice sheet. The new AND-1B core provides such a record (Fig. 1) . In this Letter, we focus on the early Pliocene (,5-3 Myr ago) part of the record, because for this period the response of Antarctic ice sheets to orbital forcing can be studied without the complicating influence of large Northern Hemisphere ice sheets on sea-level and deep-sea d
18
O records 15 . Furthermore, polar ice-sheet boundary conditions were similar to today, but the climate was warmer 3, 5, 6 . With anthropogenic warming projected to rise an average of ,3 uC in mean temperature by the end of the twenty-first century, more significance is being placed on the early Pliocene as an analogue for understanding the future behaviour of the WAIS 3 and its contribution to global sea level 16 . Far-field geological evidence for palaeoshorelines up to 25 m above present 17, 18 are consistent with ice-volume estimates from deep-ocean d
O data 19 , and imply deglaciation of the Greenland ice sheet, the WAIS and the marine margins of the East Antarctic ice sheet (EAIS) during the warmest early Pliocene interglacials.
Thirty-eight glacimarine cycles, each bounded by glacial surfaces of erosion (GSEs), occur in the upper 600 m of the core, and record oscillations in the extent of an ice sheet in Ross embayment during the past 5 Myr (Fig. 2) 20 . The drilled strata accumulated in the rift axis of the Victoria Land basin, ,100 km seaward of the coast. Accommodation space for the preservation of the sediments, and their protection from subsequent glacial erosion, was provided by high rates of tectonic subsidence due to a unique combination of regional rift extension and flexure of the crust by local volcanic islands (Supplementary Information).
Figures 3 and 4 summarize our interpretations of individual sedimentary cycles in terms of the vertical occurrences of lithofacies, that is, sediments representing specific environments of deposition. These range from marine-diatom-rich deposits and mudstones deposited during interglacials to ice-proximal diamictites, conglomerates and sandstones representing glacial periods. During glacial periods, the ice sheet had a laterally extensive marine terminus extending well beyond the drill site, out into the Ross Sea. During interglacials, the drill site was either covered by an ice shelf or, when the ice sheet retreated, lay in open water. The sedimentary characteristics of the cycles and the approach used for their interpretation are given in more detail elsewhere 21 (Methods). We note here that changes in lithofacies through time primarily reflect the proximity of the ice-sheet grounding zone and the thermal characteristics of the depositing ice ( Fig. 2 and Supplementary Information). Such inferences are consistent with depositional models from a variety of different glacimarine regimes 22, 23 , and permit the identification of 38 oscillations in the extent of the ice sheet's grounding line.
The composition of till (ice-contact diamictites), which overlie GSEs and represent sediments transported at the base of a grounded ice sheet, show that the ice originated from large outlet glaciers in the Transantarctic Mountains (TAM), especially the Mulock and Skelton glaciers south of Minna Bluff 21 . A new continental Antarctic ice-sheet model 7 run for the past 5 Myr supports geological interpretations that the provenance of grounded ice at the AND-1B site is always from nearby southern-TAM outlet glaciers during glacial advances (Fig. 2) . Notably, the model finds that local ice variations at the AND-1B site are indicative of the overall West Antarctic glacial state, because both are controlled by variations in ocean-induced melt. When open-water marine sediments occur in the AND-1B core, the model shows not only deglaciation in the western Ross embayment, but also the collapse of the entire WAIS (Fig. 2) . Pliocene-Pleistocene variations in ice volume are dominated by large WAIS advances and retreats, while the high-altitude regions of the EAIS remain relatively stable. This is because air temperatures never become warm enough to cause significant surface melting on the EAIS 24 , whereas variations in ocean-induced melt and sea level affect the marine-based WAIS much more than the EAIS. Thus, the sedimentary cycles in the AND-1B core both track local variations of the coastal margin of the EAIS (for example TAM outlet glaciers) and provide physical evidence for major changes in the mass balance of the WAIS (Supplementary Information). Figure 2 illustrates the stratigraphic position of 26 chronological datums that are used to constrain the age and duration of the 38 sedimentary cycles and identify the time missing at cycle-bounding erosion surfaces, that is, unconformities (Supplementary Table 1 ). The chronology is developed from 40 Ar/ 39 Ar ages of volcanic deposits and a quantitative diatom biostratigraphy used to constrain the correlation between the magnetic polarity stratigraphy and the geomagnetic polarity timescale 21 . The approach used, and associated uncertainties, are outlined in Methods. About 36% of the last 5 Myr is represented as rock in the AND-1B core; the rest is lost at unconformities resulting from erosion through long-term tectonic influences and shorter-term volcanic and glacial processes. Chronostratigraphic constraints enable identification of two types of unconformities: (1) those where the time missing is longer than a Milankovitch cycle, interpreted as major erosion due to tectonic influences and/or a major phase of glacial advance; and (2) those of suborbital duration reflecting lesser glacial erosion associated with a single glacial advance truncating only part of the previous cycle. The chronology also allows the duration of relatively continuous stratigraphic packages comprising more than one cycle to be estimated with sufficient precision for the recognition of orbital periods 25 (Methods). One such interval is illustrated in detail in Fig. 3 and comprises six early-Pliocene glacial cycles (cycles 38-33), spanning 265 kyr. In this case, the identification of three palaeomagnetic reversal boundaries allows one-to-one matching of the WAIS grounding-line oscillations recorded in the AND-1B core to individual 40-kyr ice-volume cycles in the deep-sea benthic d
O stack 26 and modelled ice-volume cycles between 4.896 and 4.631 Myr ago. Figure 4 illustrates an interval in which the chronology constrains 16 successive early-to mid-Pliocene (3.60-2.87 Myr ago) cycles (32a-d to 20), spanning 700 kyr. In this case, the cyclostratigraphic interpretation and the distribution of time within the AND-1B core are not so straightforward, primarily because a ,60-m-thick interval of marine diatomite, spanning ,200 kyr, occurs between 438 and 376 m.b.s.f. We use the distribution of .2-mm-diameter iceberg-rafted debris (IBRD) through the continuous, thick diatomite unit as an index for ice-rafting intensity and glacial variability. The IBRD record identifies four or five main orbital cycles (32a-d) reflecting glacial fluctuations during an extended period of biopelagic deposition in the Ross embayment, when the ice sheet remained landward of the drill site (Fig. 2) . The composition of the IBRD reflects oscillations of local outlet glaciers, which remained near the coast with no significant expansion into the Ross Sea 21 . If the four or five IBRD cycles in the diatomite and the eleven overlying unconformity-bounded cycles are distributed evenly over this time interval, the resulting duration is ,40 kyr per cycle (Fig. 4) . 
LETTERS
The short-duration normal-polarity interval between the Mammoth and Kaena subchrons is not represented in the AND-1B core and could be missing at any of the GSEs between the bases of cycles 28-22. However, if cycles 28-22 are distributed evenly across the amalgamated reversed-polarity subchrons between 3.30 and 3.03 Myr ago, then a one-to-one match with ,40-kyr d
18
O cycles results and suggests that an intervening normal-polarity interval is most likely missing at the basal GSE of cycle 26.
The 60-m-thick diatomite unit lacks a sea-ice-associated diatom flora 27 , and sedimentological evidence implies that warmer-than-present , or 17 m in equivalent sea level (Fig. 2) , and involves the complete deglaciation of WAIS together with a loss of up to 13 m in equivalent sea level (5%) from the marine margins of the EAIS 7 . If complete deglaciation of Greenland (15 m) also occurred during this time, then the Antarctic ice-sheet history from isotopes, proximal data and numerical models is in good agreement with the early-Pliocene eustatic sea-level fluctuation amplitudes of 110-30 m reconstructed from far-field sites such as the uplifted shallow-marine Wanganui basin (New Zealand) 18 . The WAIS grounding line re-advanced across the western Ross Sea following deposition of the thick diatomite interval, as shown by the occurrence of progressively more ice-proximal facies in the core between sedimentary cycles 31 and 29 (Fig. 4) . The interval is correlated with a 0.7% increase in d
O between marine isotope stages Mg5 and M2, and a corresponding increase in modelled Antarctic ice volume equivalent to a eustatic fall from 7 m above present-day sea level to 1 m below 7 . The M2 glacial appears to terminate early-Pliocene warm conditions in the Ross embayment. Our glacial proximity curve shows that WAIS expansion across the drill site occurred during the early 7 (expressed in metres of equivalent sea level, b), obliquity (c), mean annual insolation at 75u S (d) and summer insolation intensity at 75u S (e). Spectral estimates show that the majority of the variance is at ,40-kyr frequency for the d 18 O record (f), obliquity (h) and mean annual insolation (i). Summer insolation at 75u S has equal power in the obliquity and precession bands (j). The relative increase in 100-kyr power in model-output Antarctic ice volume (g) reflects the increased influence of large Northern Hemisphere ice sheets on ocean temperature and glacioeustatic fluctuations in the late Pleistocene. In f-j: E, eccentricity or ,100-kyr cycle of unknown origin; T, tilt (obliquity); P, precession; f, frequency; vertical axes, power as an arbitrary scale of relative spectral power. m.b.s.f., metres below sea floor; LGM, Last Glacial Maximum. Thin diamictites (,3 m) are represented by a horizontal line with dot at end. Information and ref. 21 ). This culminates with a major cooling step that occurs across the Gauss-Matuyama polarity transition (2.6 Myr ago) associated with significant erosion and loss of the late-Pliocene stratigraphic record (Fig. 2 ). This step is taken to represent a major expansion of the ice sheet.
The ,40-kyr-year variability in the size of the WAIS suggests differences from Milankovitch's hypothesis that summer half-year insolation intensity, with its sensitivity to precession (Fig. 2e) , should control the growth and decay of ice sheets. Historically, the lack of precession in the geological record has been attributed to the importance of annual insolation that is controlled by obliquity, with more influence on polar temperatures than seasonal insolation modulated by precession (see, for example, ref. 28). Figure 2 highlights the relationship between obliquity (Fig. 2c) , mean annual insolation (Fig. 2d) and the AND-1B cycles for the Pliocene, and Figs 3 and 4 show details for the early Pliocene. Given the sensitivity of WAIS mass balance to ocean temperature 7 , we suggest that 40-kyr orbital cycles may regulate southward export and upwelling of Circumpolar Deep Water with consequences for melt rates at grounding lines of Antarctic ice sheets. Several recent studies have linked changes in Atlantic meridional overturning 29 and Antarctic circumpolar ocean circulation 30 to obliquity forcing. An interglacial mechanism has been proposed whereby the southward expansion of westerly winds and associated northward Ekman transport is compensated for by enhanced upwelling of warmer, CO 2 -rich Circumpolar Deep Water 30 , which also promotes atmospheric warming. Such a positive feedback is supported by the strong correlation between temperature and CO 2 in Antarctic ice-core records and may accelerate sea-ice loss with attendant changes in albedo, further increasing oceanic and atmospheric warming.
The low abundance of sea-ice-associated diatoms (,5%) in the early-Pliocene diatomite intervals of the AND-1B cycles suggests that sea surface and air temperatures may have been above freezing for a significant part of the austral summer. On long timescales, insolation integrated over the length of summer (summer energy) has been shown in models to control the surface melting of ice sheets at the obliquity period 8 (Supplementary Information), provided that the ablating margin is at high latitude and that the surface temperature remains above 0 uC for a significant part of the season 31 . Although the latter condition is not currently met by the Antarctic ice sheet, its surface melt threshold may have been exceeded during the early Pliocene and may be exceeded again in the next 100 years. Given the geological evidence from the AND-1B core, we suggest that the mass balance of the early-Pliocene Antarctic ice sheet, although primarily controlled by ocean-induced melting 7 , may also have been influenced by surface ablation (Figs 3 and 4) . A recent model of the early-Pliocene terrestrial EAIS implies sensitivity to surface temperature on its low-elevation margins at an atmospheric CO 2 level of 400 p.p.m. (ref. 32) . Furthermore, documented in-phase insolationlinked warming during an early-Pleistocene interglacial 33 suggests that significant melt may occur during precession-amplified obliquity cycles (Supplementary Information). More well-dated sediment cores, and future experiments using ice-sheet models (see, for example, ref. 7) , are planned to assess more fully the different influences of orbital forcing on surface ablation versus oceaninduced melt at elevated atmospheric CO 2 levels.
The unconformity-bounded glacimarine cycles in the AND-1B core provide ice-proximal evidence for ,40-kyr oscillations in Pliocene WAIS and in some of the EAIS outlet glaciers draining into the Ross embayment south of the drill site, a type of behaviour similar to that of the unstable Northern Hemisphere ice sheets of the past ,3 Myr.
METHODS SUMMARY
The 98%-complete AND-1B drill core was recovered from ,850 m of water, from an 85-m-thick portion of the Ross ice shelf, west of Ross Island ( Fig. 1 and Supplementary Fig. 1 ). Drilling used a custom-built riser system embedded into the sea floor, enabling continuous wireline diamond-bit coring to a depth of 1284.87 m.b.s.f. The core was initially processed at the drill site and transported to McMurdo Station on Ross Island where it was split, logged, sampled and analysed. An initial science report provides a summary of drilling, curation and science methods and the initial results that underpin many of the interpretations in this paper 21 . The 38 glacimarine sedimentary cycles are recognized on the basis of the repetitive vertical occurrence of characteristic facies within the AND-1B core. These facies and their interpretations are summarized in Supplementary Table 2 , and shown for a single cycle in Supplementary Fig. 3 . The age model for the AND-1B core was developed from quantitative diatom biostratigraphic and 40 Ar/ 39 Ar radiometric ages to constrain the correlation between the magnetic polarity stratigraphy and the geomagnetic polarity timescale. Chronostratigraphic data are summarized in Supplementary Table 1 . The biostratigraphic and radiometric datums alone are not used for absolute age control or correlation of cycles with the d
18
O record, because their numeric ages have uncertainties of up to 650 kyr. However, their precision is sufficient to match polarity zones, identified in the core, with the geomagnetic polarity timescale. These higher-precision (65 kyr) geomagnetic polarity transitions provide the 'time spikes' for cycle correlation and estimation of cycle duration. For example, the six early-Pliocene glacial cycles between 4.896 and 4.493 Myr ago (Fig. 3) are correlated with C3n.3n/C3n.2r (mid Gilbert, 4.896-4.631 Myr ago) spanning 265 kyr (Fig. 3) . Linear interpolation between the dated polarity transitions implies average durations of 39 kyr and 48 kyr per cycle for the lower three (polarity zone N6) and upper three (polarity zone R5) cycles, respectively.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
